At joint and terminal sections of cross-linked polyethylene (CV) cables, partial discharges (PDs) may occur in defects of insulating materials under the high electric field; therefore, a diagnostic technique to evaluate the insulation performance should be developed. The aims of our study are to investigate the relationship between lowering of the insulation performance of CV cable and PDs and to establish a diagnostic technique using an acoustic emission (AE) sensor. From analyses of AE signals, we can easily grasp the occurrence of PDs. Additionally, if positions of PDs can be evaluated, effectively we can prevent the dielectric breakdown. However, the evaluation is difficult because AE signals due to PDs proceed in all directions with repeated reflections, transmission and interference. The primary and the secondary waves may be mutually coupled and generate a Lamb wave. Because their velocities are different, a calculation error in the location of PD will result. Therefore, characteristics of detected AE signals due to elastic waves should be investigated.
At joint and terminal sections of cross-linked polyethylene (CV) cables, partial discharges (PDs) may occur in defects of insulating materials under the high electric field; therefore, a diagnostic technique to evaluate the insulation performance should be developed. The aims of our study are to investigate the relationship between lowering of the insulation performance of CV cable and PDs and to establish a diagnostic technique using an acoustic emission (AE) sensor. From analyses of AE signals, we can easily grasp the occurrence of PDs. Additionally, if positions of PDs can be evaluated, effectively we can prevent the dielectric breakdown. However, the evaluation is difficult because AE signals due to PDs proceed in all directions with repeated reflections, transmission and interference. The primary and the secondary waves may be mutually coupled and generate a Lamb wave. Because their velocities are different, a calculation error in the location of PD will result. Therefore, characteristics of detected AE signals due to elastic waves should be investigated.
Incidentally, we recently demonstrated an AE technique for the PD detection of a 22kV commercial underground CV cable laid 20 years ago in Fukuoka city, Japan. Four AE sensors were attached to the surface of a circular cable joint. From frequency spectra of the AE signals, it was found that the AE signals contained some frequency bands such as 30kHz-60kHz, 90kHz-150kHz and 250kHz-400kHz. This also indicates the importance of investigating characteristics of AE signals obtained in cable.
In this study, we focused on characterization of the AE signals detected from ethylene propylene rubbers (EPRs) used as the insulating materials of CV cables. Elastic waves with various frequencies were added to the surface of the EPR, and then characteristics of AE signals due to elastic waves transmitted through the EPR were evaluated. Furthermore, attenuation characteristics of the AE signals were investigated. An ultrasonic wave oscillator was set on a plate-like EPR. The oscillation frequencies (O f ) were set at 30kHz, 90kHz and 400kHz. The used EPRs thicknesses were 10mm and 20mm. An AE sensor, with diameter of 10mm and the wide frequency sensitivity in the range of 20kHz to 1000kHz was set at the back side of the oscillator. The detected AE signals were amplified by a preamplifier of 20dB and a main amplifier of 30dB. When investigating the attenuation characteristics of elastic waves, a 20-mm-thick EPR was used.
Beforehand, the AE signal intensity at each frequency was calibrated with the amount of PD charge. Applying ac 13kV to a needle electrode inserted into a plate-like EPR, PD currents and AE signals were measured. When we generated PDs with the charge amount of about 500pc, the average intensity of AE signals obtained by an AE sensor positioned 30mm from the PD source was about 16mV. For the output voltage at various O f , the equivalent PD charges were in the range of 1000-1500pc. Their values are large as a PD source; however, it can prevent ambiguous interpretation of characteristics of AE signals.
From FFT analyses of detectable AE signals, it was found that not only the oscillation frequency but also other frequency components were detected even for O f = 400kHz and that the Lamb wave was easily observed when the wavelength of the oscillation frequency was not enough shorter. Figure 1 shows the variations of maximum values of first detectable AE signal waves obtained at each detection point. A horizontal axis denotes the distance in a straight line between an oscillator and an AE sensor, and a vertical axis is the maximum intensity of the first detectable AE signal wave for each O f . The intensities at distances above 50mm were larger than theoretically predicted values. That is, the attenuations of the elastic waves that propagate in the form of Lamb waves were relatively small in comparison with those of normal elastic waves which could travel through materials. Thus, the attenuations of Lamb waves having low frequency components were remarkably small. The output voltage of an oscillator used as a PD source was large. However, the smaller elastic waves can be measured because gain of amplifiers can be increased more 30dB. Additionally, considering the small attenuation characteristics, it may be possible to detect weaker PDs due to the Lamb waves with low frequencies. 
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The aim of our study is to investigate the relationship between lowering of the insulation performance of cross-linked polyethylene (CV) cable and partial discharges (PDs) followed by the dielectric breakdown and to establish a diagnostic technique using an acoustic emission (AE) sensor.
In this study, we focused on characterization of AE signals detected from ethylene propylene rubbers (EPRs) used as insulating materials of CV cables. Elastic waves with various frequencies were added to the surface of the EPR, and then characteristics of the detected AE signals due to the elastic waves propagated in the EPR were evaluated. We showed characteristics of Lamb waves whose low frequency components around 100 kHz were large and their small attenuation characteristics.
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Introduction
Any deterioration of insulation in an electric power system should not be permitted considering the latest development of information engineering in society; therefore, the establishment of the diagnostic method which can be applied even to the system in operation is strongly required.
At joint and terminal sections of cross-linked polyethylene (CV) cables, partial discharges (PDs) may occur in defects of insulating materials under the high electric field. Because such PDs might lower the insulation performance, a diagnostic technique to evaluate the insulation performance should be developed. There are some detection methods of PDs. For example, a pulse voltage detection technique using a coupling condenser (1) , an electromagnetic wave detection technique using an antenna are well known as the detection technique (2) ; however, these methods have some problems. For the pulse detection method, it is difficult to apply the measurement to the system in operation. For the electromagnetic wave detection method, the noise removal technique and the sensitivity improvement are still required. Therefore, electric power companies require a new diagnostic technique, and we attempt to diagnose the insulation deterioration using an acoustic emission (AE) technique (3)- (7) . The aims of our study are to investigate the relationship between lowering of the insulation performance of CV cable and PDs leading to dielectric breakdown and to establish a diagnostic technique using an AE sensor.
The AE consists of sound and ultrasonic waves as elastic waves and can be observed when stress or energy is released in materials.
The AE technique is to analyze the AE signals detected by a piezoelectric AE sensor set on the surface of a test material. From analyses of the detected AE signals, we can grasp the occurrence of PDs even under operating conditions. As with an electromagnetic wave detection technique, the noise removal is required even for the AE technique. However, because AE sensors are directly attached to power apparatuses, a complicated removal technique isn't required. In the cases of measurements on CV cables, most of noise components resulting from vibration of a CV cable itself are easily excluded. The higher the sensitivity of detection sensors, the more it enhances the usefulness of the detection technique. For the AE technique, the effective sensitivity is improved even by attaching several AE sensors. Additionally, if positions of PDs in a CV cable can be evaluated correctly, effectively we can prevent the dielectric breakdown. Placing several AE sensors in a 3-dimensional space, the AE technique will be utilized to locate the position of PD by using velocities of the detected elastic waves and their propagation times. Thus, the AE technique can be applied as an effective method to diagnose the insulation deteriorations of CV cables in the system in real time. However, the evaluation of the location of PD in CV cables is difficult to achieve, because AE signals due to the PD proceed in all directions with repeated reflections, transmission and interference. The existent primary wave (P wave) and secondary wave (S wave) may be mutually coupled and generate a Lamb wave (5)(7)(8)- (10) . Because their velocities are different in frequency, a calculation error in the location of PD will result. By this reason, the application of an AE technique to actual power apparatuses doesn't progress although the AE technique can easily detect PDs. Characteristics of detected AE signals due to elastic waves should be investigated.
Incidentally, we recently demonstrated an AE technique for the Paper PD detection of a 22kV commercial underground CV cable laid 20 years ago in Fukuoka city, Japan. Four AE sensors were attached to the surface of a circular cable joint which was considered to be careful of. The detection system including amplifiers were as the same as those treated latter. Figure 1 (a) shows typical frequency spectra of AE signals obtained by one of the four AE sensors attached to the surface of the cable joint. Figures 1(b) and 1(c) show frequency spectra obtained at the wall near the cable joint and the surface 1m apart from the cable joint. They were obtained by a fast Fourier transform (FFT) analysis of the detected AE signals. The high frequency components are rejected in Fig. 1 because their intensities are much small. As shown in Figs. 1(b) and 1(c), noise components due to vibrations of the CV cable itself were also much less. It is found from Fig. 1 that the AE signals contain some frequency bands such as 30kHz-60kHz, 90kHz-150kHz and 250kHz-400kHz. Such frequency profiles are probably affected by the joint structure. Anyway, the detected results also indicated the importance of investigating characteristics of AE signals obtained in cable materials. In this study, as a basic study, we focused on characterization of the AE signals detected from ethylene propylene rubbers (EPRs) used as the insulating materials of CV cables. Elastic waves with various frequencies were added to the surface of the EPR, and then characteristics of the detected AE signals due to the elastic waves propagated through the EPR were evaluated by means of FFT. Furthermore, characteristics of attenuations of the elastic waves, which are important parameters for evaluation of PD location, were investigated. Figure 2 shows the experimental setup. An ultrasonic wave oscillator with a diameter of 10mm was set on a plate-like EPR, which was operated by a function generator that could apply voltage of 500mV. On the basis of the hypothesis which an AE sensor does not directly detect elastic waves due to PD occurred in a void, the oscillation frequencies (O f ) were set at 30kHz, 90kHz and 400kHz which did not correspond to detected frequencies with large intensities shown in Fig. 1(a) . Here, two sheets of similar quality EPRs but of different thickness were used as the plate-like EPRs, and their thicknesses were 10mm and 20mm. The length and the width of both EPRs were 200mm. A piezoelectric AE sensor with a diameter of 10mm and the wide frequency sensitivity in the range of 20kHz to 1000kHz was set at the back side of the oscillator. The AE signals detected by the AE sensor were amplified by a preamplifier of 20dB (Maximum gain :40dB) with a frequency band of 2kHz -1.2MHz and a main amplifier of 30dB (Maximum gain :40dB) with a frequency band of 10kHz -2MHz. Their amplification thus had a maximum of 50dB. The signals from the amplifier system were sent to a digital oscilloscope that had a sampling frequency of 10MHz, and to a personal computer for further analyses including FFT.
Verifications of Lamb Wave in EPR

Experimental Methods
Beforehand, the AE signal intensity at each frequency was calibrated with the amount of PD charge. Applying ac 13kV to a needle electrode inserted into a plate-like EPR, PD currents were measured using a Rogowski coil. At the same time, measurements of AE signals were carried out. The relationship of distance between a PD location and AE sensors was the almost same as other experiments treated later. When we generated PDs with the charge amount of about 500pc, the average intensity of AE signals obtained by an AE sensor positioned 30mm from the PD source was about 16mV. For the output voltage at various O f , the equivalent PD charges were estimated to be in the range of 1000-1500pc. Their values are large as a PD source; however, it can prevent ambiguous interpretation of characteristics of AE signals.
Incidentally, there is a possibility that Lamb waves by the vibration of the specimen may be generated when wavelengths of oscillations are longer than the thickness of the specimen. The sound wave velocity of EP rubber was estimated to be 1300m/s -1400m/s from a current fruit of related researches, and the wavelengths for the cases of O f = 30kHz, 90kHz and 400kHz are calculated as 43.3mm-46.6mm, 14.4mm-15.5mm and 3.3mm-3.5mm, respectively.
Characteristics of AE Signals
The burst sinusoidal waves for O f = 30kHz, 90kHz and 400kHz were added by an ultrasonic wave oscillator connected with a function generator. Before the experiments, the output frequencies from the oscillator were confirmed by an AE sensor in contact with the oscillator surface. Figure 3 shows AE signals detected for O f = 30kHz, 90kHz and 400kHz. The horizontal axis denotes an elapsed time after the application of a burst sinusoidal wave. The AE intensity for O f = 90kHz is largest while that for O f = 400kHz is smaller than those for O f = 30kHz and 90kHz. Because the attenuation of elastic waves becomes larger as frequency becomes high, the AE intensity for O f = 400kHz may become small, theoretically. However, the sensitivity of the AE sensor differs in frequency, and then we don't pay attention to the AE intensity. The propagation times for O f = 30kHz, 90kHz and 400kH, which elastic waves induced by the application of a burst sinusoidal wave require times to be detected, were 7.067µs, 7.200µs and 7.333µs, respectively. They are the averaged values of 3 times measurements. The calculated sound velocities for O f = 30kHz, 90kHz and 400kHz were 1415.1m/s, 1388.8m/s and 1363.6m/s, respectively. The lower the oscillation frequency, the faster the obtained velocity becomes. These probably indicate that the early detectable AE signals are due to the different kinds of elastic waves. O f = 30kHz, 90kHz and 400kHz were about 68µs, 23µs and 4.8µs, respectively, which corresponded to two-cycles of each oscillation frequency. As can be seen from these figures, frequencies of the first detectable AE signal waves are different from oscillation frequencies. The wavelengths at frequency of 30kHz and 90kHz in EPR are about 43.3mm-46.6mm, 14.4mm-15.5mm, respectively. Therefore, such wavelength can't traverse a 10-mm-thick EPR in principle. Some wave modes are coupled and the EPR board itself probably vibrates. Then, AE signals due to the vibration may be detected by AE sensors. As mentioned above, the elastic waves due to the vibration of EPR itself is called "Lamb wave". On the other hand, the wavelength range for the case of O f = 400kHz was expected to be 3.3mm -3.5mm. Because EPR didn't have enough thickness in comparison with the wavelength, probably the ultrasonic wave couldn't travel through.
Similarly, in the case of a 20-mm-thick EPR, many frequency components of AE signals, considered to be due to the Lamb waves, were also observed even for O f = 400kHz. Figure 6 shows frequency profiles for O f = 400kHz. The duration of FFT analysis was 0.1ms. In comparison with the result shown in Fig. 4(c) , the intensity of the detectable AE signal is small because the attenuation becomes large.
Additionally, the frequency components over 400kHz are small in comparison with the result shown in Fig. 4(c) ; however, similarly, not only the oscillation frequency but also other frequency components are detected. These correspond to results obtained in the actual CV cables. The Lamb wave makes it difficult to estimate position of partial discharges. However, the attenuation of a low frequency component due to the Lamb wave is relatively less, which will be treated later. Therefore the detection of a weaker PD will be achieved. Thus, it was found that the Lamb waves were easily detected when the thickness of materials wasn't much thicker than a wavelength.
Attenuation Characteristics
Experimental Methods
The aim of this experiment was to investigate the attenuation characteristics of detectable AE signals. Although the experimental system was the almost same as that shown in Fig. 2 , the thickness of the used EPR was 20mm. The propagation distances of elastic waves between an oscillator and an AE sensor used for the detection of AE signals were arranged from 20mm to 80mm at intervals of 10mm, as shown in Fig. 7 . In the similar way of experiments for investigating the existence of Lamb wave, the detected signals by AE sensors were amplified by a preamplifier of 20dB and a main amplifier of 30dB. The signals from the amplifier system were sent to a personal computer. Strictly speaking, angles between an oscillator and an AE sensor should be better considered. However, as mentioned in Sec. 2, the detected AE signals are influenced on Lamb waves. The Lamb wave is caused by the vibration of the specimen itself; therefore, angles between the arranged oscillator and AE sensor may not influence the interpretation of results. Figure 8 shows the variations of maximum values of first detectable AE signal waves obtained at each detection point. A horizontal axis denotes the distance in a straight line between an oscillator and an AE sensor, and a vertical axis is the maximum intensity of the first detectable AE signal wave which has the frequency profile shown in Figs. 4 and 5. Comparing signal intensities at 20mm and 80mm for O f = 400kHz, it was found that the signal attenuation was 99.1%. On the other hand, for O f = 90kHz and 30kHz, the signal attenuations were 93.1% and 90.5%, respectively. The attenuation of the detectable AE signal became large as the oscillation frequency which induced Lamb waves became high.
Attenuation of AE Signal
Incidentally, the general attenuation characteristic can be expressed as follows: where A X is the amplitude of an elastic wave at point x after the propagation, A 0 is the amplitude at x = 0, and α is the damping coefficient. We paid attention on the damping coefficient in Eq. (1) . The signal easily attenuates if the damping coefficient is large, and one doesn't easily attenuate if the damping coefficient is small.
The similar experiments at other output frequencies were carried out, and then the damping coefficient for each O f was Fig. 8 should be on one approximated straight line. However, because intensities at distances above 50mm were larger than those expected by Eq. (1), it was difficult to approximate a straight line. That is, the attenuation of the elastic waves that propagate in the form of Lamb waves was relatively small in comparison with the normal elastic waves. Then, reasonably good approximations with the fitting degrees above 80% were attempted. The obtained results of the damping coefficients are shown in Fig. 9 . Although damping coefficients obtained for O f > 300kHz are relatively large, others are the almost same. This is due to a fact that the attenuations of the detectable AE signals at distances above 50mm are small. Some wave modes in the EPR were coupled and the EPR board itself probably vibrated, by which the attenuation became smaller than those of normal elastic waves.
Conclusions
We carried out experiments for verifications of Lamb waves and their attenuation characteristics. As the result, many frequency components including output frequency from an oscillator were observed. We found that Lamb waves by the vibration of the specimen itself were easily generated when the wavelength of the oscillation frequency was not enough shorter than the thickness of EPR. It was also found that the attenuation of the lamb wave having low frequency components was remarkably small. The output voltage of an oscillator used as a PD source was large to prevent the ambiguous interpretation of results. However, the smaller elastic waves can be measured because gain of amplifiers can be increased more 30dB. Additionally, considering the relatively small attenuation characteristics of Lamb wave, it may be possible to detect weaker PDs due to the Lamb waves with low frequencies. 
